While dental caries represents the major chronic disease of humans, visual and tactile inspection are the methods of choice in daily dental practice. Several optical technologies have been developed in recent years for the purpose of dental examination, including near-infrared light transillumination as a promising tool for the supplementation and partial replacement of radiography. In case of occlusal alterations, the incidence of surface discolorations impedes the visual assessment, whereas tactile inspection appears to yield little diagnostic information or might be detrimental. Optical coherence tomography (OCT) facilitates depth-resolved imaging with µm resolution, utilizing near-infrared light, and has already shown its potential for various dental applications. We have recently demonstrated that depolarization imaging utilizing the degree of polarization uniformity (DOPU) extends those abilities by the detection of early carious lesions, as it provides an unambiguous demineralization contrast. Here, we show that this approach also enables the assessment of occlusal enamel lesions in the presence of stains, and compare PS-OCT cross sections with polarized light microscopy (PLM) images of thin sections. For tooth samples with discoloration or demineralization, respectively, PS-OCT and PLM results are in good agreement.
INTRODUCTION
The prerequisite for a successful caries management is the early and precise detection of lesions. To this day, the visual and tactile inspection remains the method of choice in daily dental practice for the purpose of dental examination, which is regularly supported by bitewing radiography for registering caries extension. Considering the aim of minimizing ionizing radiation exposure and thus limited repetition, especially near-infrared light transillumination has shown its potential in clinical practice. 1 In case of occlusal alterations, the incidence of surface discolorations impedes the visual assessment, whereas tactile inspection appears to yield little diagnostic information or might be detrimental, 2 posing the risk of enamel breakthrough at a present hidden carious lesion. Recently, the potential of near-infrared 3 imaging in assessing stained pits and fissures has been revealed, particularly highlighting the wavelength region above 1200 nm due to reduced absorption of the stains. 3 Optical coherence tomography (OCT) facilitates depth-resolved imaging with µm resolution in the same spectral region, and is therefore a promising method for various dental applications. For occlusal caries, both intensity-based swept source OCT 4 and polarization-sensitive OCT (PS-OCT) 5 have been demonstrated as suitable methods for the detection of caries due to the altered enamel scattering behavior, while the latter approach exploited the additional contrast of depolarization. As this effect competes with the enamel's native birefringence in case of cross-polarized detection, 5 we have recently proposed depolarization imaging utilizing the degree of polarization uniformity (DOPU) algorithm for an unambiguous demineralization contrast. 6 Here, we demonstrate that this approach improved by noise-immune processing 7 also enables the assessment of occlusal enamel lesions in the presence of stains, and therefore compare the PS-OCT cross sections with polarized light microscopy (PLM) images of thin sections. 8
METHODS AND MATERIALS
The polarization-sensitive OCT system used for this study has been described previously. 6 In brief, it is based on a 1310 nm swept laser and a bulk optics setup, containing both Michelson interferometer and polarizationdiverse balanced detection with a single circularly polarized illumination of the sample. In comparison to Ref. 6 utilizing DOPU, here we have utilized the degree of polarization DOP =
kernel for spatial averaging, which had a full width at half maximum of 3x3 with respect to the axial and lateral resolution. Furthermore, we extracted the noise parameters of both channels from a background scan, which is regularly acquired at the beginning of each measurement. Utilizing the mean powers of the noise floor |n co | 2 and |n cross | 2 , we corrected the Stokes component I = A 2 co + A 2 cross − |n co | 2 − |n cross | 2 , as it was proposed by Makita et al. 7 for improved noise immunity of the DOP measurement. Due to similar noise levels for both channels in our system it was not necessary to correct Q. 9 A comparison of conventional and noise-immune DOP calculation can be seen in Fig. 1 , highlighting the improvements in regions of weak signal and sound enamel. The noise correction yields a higher DOP value in this case, whereas the presumably decayed region in the fissure remains at a low DOP value, thus yielding an improved depolarization and demineralization contrast.
DOP
Noise-immune DOP For a more consistent representation of depolarization, we combined the calculated noise-immune DOP with high-contrast intensity images. 10 Therefore, lower and upper intensity threshold were based on the extracted noise parameters, ranging from mean noise plus standard deviation to 16 dB above. Similarly, the intensity image range was adjusted to 60 dB above mean noise. Two molar tooth samples were extracted and collected during clinical treatment. After visual inspection by an experienced dentist, PS-OCT images were acquired under wet and dry conditions. Subsequently, the teeth were cut into thin sections of about 50 µm to 80 µm thickness, and examined with a Leica DMRB microscope and Leica objectives with 2.5x and 10x magnification, utilizing perpendicularly adjusted polarizer and analyzer for a polarization contrast.
RESULTS AND DISCUSSION
Two molar teeth with stains and suspected lesions were selected and examined. Fig. 2a shows the occlusal surface of a molar tooth with extensive light brown discoloration and dark brown discoloration in the pits. The PLM images Fig. 2b and c in comparison to sound enamel, whereas the depolarization indicates demineralization in the surrounding area of the fissure, presumably overestimating the existing lesion.
The second exemplary tooth in Fig. 3a shows clearly delimited dark discolorations in the fissures, which appear to be a superficial staining without impairment of the enamel in the region depicted by the PLM images (b,c). While both PS-OCT intensity images (d,f) for wet and dry recording indicate an altered scattering in the fissure, the depolarization representation corresponds to the PLM results without significant enamel alteration. Although thin sections of adjacent regions were not available, depolarization imaging indicated a demineralization in the unstained center of the fissure, as it is presented in Fig. 1 and was confirmed through the initial examination by a dentist.
In summary, depolarization imaging based on PS-OCT and with reduced noise dependency facilitates the differentiation of stained and demineralized enamel, and therefore, the assessment of occlusal alterations and lesions. Whereas this comparison of two samples implies a high dependency of the depolarization results on the hydration of the enamel with potential overestimation of the dry lesion, further investigation is necessary to evaluate the consequences for clinical translation of this technique.
